RacGAP proteins have been shown to down-regulate members of the Rho/Rat subfamily, small GTPases controlling actin network organisation. Only one RacGAP protein, RnRacGAP, has been identified in Drosophila. To examine RnRacGAP function, we generated transgenic strains expressing RnRacGAP under the control of the heat-shock promoter hsp70. In cellularising embryos, ectopic RnRacGAP induces lethality, associated with radical cell-shape changes, apical F-actin delocalisation, and inhibition of basal actin polymerisation. Overexpression of RnRacGAP in pupae induces a number of phenotypes with distinct critical periods of induction.
Introduction
Small GTPases are molecular switches that control multiple events during cell proliferation and differentiation. Their ability to bind and hydrolyse GTP allows them to cycle between an active (GTP-bound), and an inactive (GDP-bound), form (Hall, 1990) . Small GTPases of the Rho/Rat subgroup are specifically involved in membrane dynamics and the organisation of the actin network in mammalian cells (Hall, 1994) . The function of these GTPases has been most extensively studied in fibroblasts: Rho induces focal complex assembly and actin stress fiber formation (Ridley and Hall, 1992) ; CDC42 induces the appearance of actin-rich filopodia (Nobes and Hall, 1995) ; and Rat controls lamellipodia formation and membrane ruffling through the polymerisation of cortical actin (Ridley et al., 1992) . In addition, Rat controls cell proliferation rate (Qiu et al., 1995) , probably through the activa-* Corresponding author. Tel.: +33 76 88 30 90; fax: +33 76 88 51 85. tion of the JNK pathway (Coso et al., 1995; Hill et al., 1995; Minden et al., 1995) .
Cellular studies have further shown that, like other small GTPases, the members of the Rho/Rat subgroup interact with several specific regulators that are likely to ensure the fine control of these proteins in response to various stimuli. Positive control is provided by nucleotide exchange factors, whereas GTPase-activating-proteins (GAPS) enhance the intrinsic GTP hydrolysis rate of the G proteins to accelerate the transition from the active to the inactive GDP-bound form (Boguski and McCormick, 1993) . Evidence that the RacGAP proteins N-chimerin, BCR, RhoGAP, pl90GAP (for review see Lamarche and Hall, 1994) , myr (Reinhard et al., 1995) , and 3BP-1 (Cicchetti et al., 1995) behave as negative regulators of the Rho/Rat proteins came initially from in vitro studies (Diekmann et al., 1991; Ahmed et al., 1993) ; however subsequent microinjection experiments with fibroblasts showed that, for the most part, the specificity of the GAP proteins is more restricted in cells in culture than initially observed in vitro. Conclusions from cellular stu-dies are that ~190 and RhoGAP mainly block Rho-induced stress fiber formation, whereas Bcr and N-chimerin specifically inhibit Rat-induced membrane ruffling (Ridley et al., 1993; Herrera and Shivers, 1994) . Null mutants for the bcr gene have now been generated in mice (Voncken et al., 1995) . The phenotype of these mutants is restricted to cells of hematopoietic lineage, but the results are consistent with BCR being a negative regulator of Rat activity in the production of superoxide in the neutrophils.
Only one sequence coding for a specific regulator of Rho/Rat proteins has been identified in Drosophila, mapping at the 84D3-4 cytological position within the genetically-defined rotund (rn) region. The YIZ locus functions in the morphogenesis of the subdistal parts of the appendages; its absence in m mutants induces cell death in the corresponding parts of the precursor imaginal disc structures (Kerridge and Thomas-Cavallin, 1988) . The in locus encodes two major transcripts of 1.7 kb and 5.3 kb. While both transcripts are expressed in the imaginal discs, m mutant analyses suggest that the 5.3 kb transcript is mainly responsible for appendage morphogenesis (Agnel et al., 1989; Agnel et al., 1992a) . Sequence analysis of the 1.7 kb transcript (Agnel et al., 1992b) showed that its product, RotundRacGAP (RnRacGAP) is closest in overall structure to the human N-chimerins, (Ahmed et al., 1990) . Both proteins present a cysteine-rich domain at the amino-terminus similar to that found in PKC (Nishizuka, 1988) , and a catalytic GAP domain in the carboxy-terminal portion. Sequence analyses of genomic and cDNA clones in the rn locus demonstrated that a 3'-alternative splice pathway (Hoemann et al., 1996) produces two transcript forms, rnRacGAP(1) and mRacGAP(Z), whose coding potential differs by only seven C-terminal amino acids. The predominant form, rnRacGAP(I), was expressed principally in the testes.
As no mutants exist which affect exclusively RnRac-GAP function, we have used the overexpression of wildtype RnRacGAP protein to probe the biological function of this regulatory molecule, an approach which has been used, for example, to investigate Rho function during eye morphogenesis (Hariharan et al., 1995) . In this paper, we provide direct evidence that ectopic expression of RnRac-GAP in transgenic flies at the embryonic cellularisation stage affects cell shape and adhesion, and cytoskeletal organisation, correlating with complete lethality. We also show that this overexpression in early pupae produces several viable imaginal phenotypes with discrete critical periods of induction.
Results

RnRacGAP expression is inducible by heat shock
Genetic analyses of the complex rotund (rn) locus, coding for two major transcripts rnRacGAP and an mRNA of 5.3 kb, are complicated by the fact that no rn mutant exists which specifically affects RnRacGAP function. Thus, in order to examine the biological functions of RnRacGAP, we have taken an alternative approach, the controlled overexpression of this protein at defined developmental periods. One of two alternatively spliced transcript forms, rnRacGAP(2), was used to probe the functions common to the protein products of both transcripts rnRac-GAP(I) and rnRacGAP(2) which are identical over 377 amino acids, differing only at the last seven C-terminal amino acids (Hoemann et al., 1996) . This rnRacGAP(2) sequence was placed under the control of the heat shock 70 (hs70) promoter and introduced through P-element transformation into the germline of a host Drosophila strain (Spradling and Rubin, 1982) to yield a number of transgenie P (HS-rnRacGAP) lines. Northern blot analysis of adult fly RNA confirmed that a l-h heat shock treatment strongly induced RNA expression specifically in the transgenic fly strains (Fig. 1A) . In contrast, expression of the RnRacGAP protein product was undetectable by silver staining in gels from two-dimensional electrophoresis, even in flies carrying multiple copies of the P(HS-mRacGAP) insertion (data not shown). In order to detect RnRacGAP, we produced a rabbit polyclonal antiserum against a bacterial fusion protein, GST-RnRacGAP.
In Western blot analyses, this serum revealed a protein of approximately 42 kDa, the predicted molecular weight of RnRacGAP, specifically in extracts of heat-shocked transgenic adult flies (Fig.  IB) ; the endogenous level of RnRacGAP protein was undetected in the w-control flies.
RnRacGA P ectopic expression during embryonic cellularisation radically changes membrane suqace aspects and cell shape
As members of the Rho/Rat family, putative substrates for RnRacGAPs, have been shown to be involved in actin network organisation, we first examined the effects of ectopic RnRacGAP in the cellularising fly embryo, a model system in which the cytoskeleton has been particularly well-characterised.
In Drosophila, the process of cellularisation takes place in three distinct phases: a preliminary period in which cleavage furrows are established between nuclei which exist at the periphery of a syncitial blastoderm; a middle phase of relatively slow membrane invagination from the surface to the base of each nucleus; and a final, rapid phase of membrane extension which ends when the membranes reach the yolk and grow laterally to close off the cells basally (for review, see Schejter and Wieschaus, 1993) . Polymerised actin (Factin) also undergoes a number of modifications during these processes and high-resolution studies (Simpson and Wieschaus, 1990; Warn and Robert-Nicoud, 1990 ) have correlated changes in the intracellular location of F-actin with these membrane movements.
Although mRacGAP transcripts have not been detected , in order to eliminate the contribution of anti-GST antibodies to the reaction. HS designates a heat shock of 2 h at 37°C. X4S4 corresponds to the HsRacGAPX4S4 strain bearing four insertions on the X chromosome, and four insertions on the second chromosome; I+"'* corresponds to the host control strain. The major band migrates at the position corresponding to 42 kDa, the predicted molecular weight of the RnRacGAP protein. The lower molecular weight bands are presumed to be specific breakdown products. Endogenous levels of RnRacGAP protein are not detectable.
in O-12 h embryos (Agnel et al., 1989) , potential substrates, e.g. partners which normally interact with RnRac-GAP later in development but which are themselves present during embryogenesis (Luo et al., 1994; Harden et al., 1995; Hariharan et al., 1995) , may be sensitive to ectopic RnRacGAP overexpression.
As a first test, we assayed the levels of lethality associated with different heat shock induction protocols, particularly whereas heat shocks at this developmental stage have been reported to induce severe defects even in wild-type embryos (Harden et al., 1995) . By utilising multicopy insert transgenic strains we found that we could reduce the time of heat shock necessary for the induction of strong lethality and pronounced phenotypes in the transgenic strains while leaving the control embryos practically unaffected. We exploited this tendency to test earlier, more sensitive embryonic stages arriving at the limit of 2 h 40 min (+30 min) after egg laying, which allowed us to examine embryos in the intermediate and later phases of the cellularisation process. Representative results are shown for the HsRacGAPX4 strain which bears four copies of the HSRacGAP insertion on the first chromosome. No significant lethality was detected for this strain without heat shock. In contrast, a 30 min heat-shock at 37°C administered to HsRacGAPX4 embryos at this age was sufficient to induce a lethality close to lOO%, whereas embryonic lethality for the w'i18 control strain remained at basal levels (~5%). Scanning electron microscopy of treated embryos confirmed that the control embryos were hardly affected by this treatment; their exteriors presented a regular arrangement of blastoderm cells with compact round apical ends carrying numerous surface microprojections ( Fig shape and membrane surface aspects: the cells overexpressing RnRacGAP appeared flat and extended, with smooth surfaces (Fig. 2B,D) ; furthermore, they presented unusual long cytoplasmic extensions that exhibited a tendency to group together. Losses in cell adhesion were further indicated by the presence of shallow intercellular gaps that were randomly distributed over the cell surface ( 
Modijication of cell shape in transgenic embryos is associated with a polarity-dependent deregulation of the actin cytoskeletal network
We employed the specific staining of F-actin molecules by phalloidin-fluorescein (Warn and Robert-Nicoud, 1990 ) to determine whether these apical cell shape and surface changes were associated with deregulation of the actin cytoskeleton.
In surface sections of the control embryos, F-actin is discernible in a cortical network (Fig. 3A ,C) that is better visualised in more interior sections ( Fig. 3E ,G). In surface optical sections of the transgenie embryos (Fig. 3B ,D), F-actin is seen to be uniformly distributed in the cytoplasm of the cell bodies as well as in the cellular extensions, thereby reproducing the characteristic altered cell shapes seen with SEM. In subsequent sections ( Fig. 3F ,H) the cytoplasmic distribution of Factin becomes sufficiently uniform so as to render cell boundaries indistinguishable. Polarity dependence is most clearly evident in side views of the transgenic embryos ( Fig. 31 ,J) which show that the cytoplasmic Factin is specifically restricted to apical regions; in medial and basal sections, polymerised actin is detected in its normal cortical location, although staining is consistently much weaker than in the control. In more than 50% of the transgenic embryos, the basal cellularisation front appeared discontinuous, or even absent (Fig. 3J , lower arrow); however, in contrast to many cellularisation mutants (Schweisguth et al., 1990; Simpson and Wieschaus, 1990), nuclear organisation seems relatively unaffected (data not shown). The apical depression visible in the transgenic embryo (Fig. 35 , top arrow) corresponds to a localised patch of fine cellular extensions.
RnRacGAP overexpression in pupae causes imaginal cuticular defects with distinct critical periods of induction
We also probed the effects of the overexpression of RnRacGAP protein on imaginal development. As RnRac-GAP is normally expressed during this period, we reasoned that it would likely play a role in late morphogenetic events, and that endogenous partners might be sensitive to increased RnRacGAP dosages.
We first submitted single copy insert strains to various heat shock treatments during larval stages and pupariation: even when homozygous, these strains produced a phenotype only in the wing, a weak ectopic crossvein that was quite variable depending upon the transgenic strain and the genetic background. In an effort to produce phenotypes with a stronger penetrance clearly specific to RnRacGAP overexpression, we employed a polyinsertional strain HsRacGAPX4S4 (X4S4), that bears four insertions on the first chromosome, and four insertions on the second. No phenotype is observed in flies from this strain in the absence of heat shock. To obviate the previously-observed sensitivity of the crossveins to the genetic background, and to diminish possible effects due to homozygosity, we crossed females of the X4S4 strain to males from a standard laboratory strain (Canton S). Preliminary results with this strain demonstrated that heat shocks of 6-8 h under conditions of mass cultivation, thereby covering a range of developmental periods, did indeed induce a number of different and reproducible cuticular phenotypes mainly affecting the wing blade, but also the thorax and abdomen.
Although imaginal discs are accessible to phalloidin Table 1 Statistics for the calculation of expressivity coefficients staining, attempts to observe RnRacGAP-induced modifications of the actin network in the wing discs were inconclusive, the majority of the induced wing phenotypes being either only partially penetrant, or restricted to small, or ill-defined, areas of the developing disc. As an alternative, we defined the critical period of induction for each phenotype so as to determine if the timing of these events could be correlated with previously reported developmental changes in F-actin distribution. In this strategy, the white pupal stage which lasts about 1 h at 25°C provided a convenient, synchronous starting point. Groups of white pupae issuing from either the X4S4 x Canton S cross, or from the w1'r8 control strain, were submitted to a single 6-h heat shock at 37°C covering successive 6-h incremental periods over a total developmental time of 48 h. The critical periods for the induction of the viable phenotypes are summarised in Table 1 and schematicised, along with the results concerning lethality, in Fig. 4 ; representative wing, and bristle and abdomen phenotypes are presented in Figs. 5 and 6, respectively.
The lethality curves in Fig. 4 show that early heat shocks (O-6 h) applied to white pupae induced 100% lethality in both the control and transgenic individuals. However, this percentage rapidly decreased for the wl"* strain, ultimately reaching a basal level of less than 5% at 12-18 h. This same basal level was not attained in the transgenic progeny until 18 h after pupariation.
The differential, stronger sensitivity of the flies overexpressing RnRacGAP extended to the preceding developmental stage, that of mounting third instar larvae; we found that even a 2-h 37°C heat shock caused 65% lethality in these transgenic larvae versus about 15% in the controls. There was, however, no phenotype detectable in the survivors. A second peak of lethality, reaching 50% exclusively in the transgenie progeny was observed for the 6-h heat shock when applied at 30 h after pupariation. This was correlated with Fig. 4 . Definition of developmental critical periods for RnRacCAP-induced lethality and imaginal phenotypes. Progeny from the '? X4S4 x 8 Canton cross or control strain w"'* were submitted to a single 6-h heat-shock at 37°C during various periods of pupal development. Abscissa: incremental periods of heat shock; ordinate: foreground, expressivity coefficient as described in Table 1 ; background, percentage lethality. Each phenotype has been scored in adults from the indicated developmental category. The expressivity of each phenotype is given by the average score per fly, and this value was arbitrarily placed in the middle of the corresponding time window.
the appearance of an abdominal phenotype (Figs. 4, and 6I,J), discussed below. The majority of the viable imaginal phenotypes were observed in the wing, and each of these could be assigned to a single class. For example, all transformants from the 12-18 h class showed wing margins with disorganised or absent bristles, with 30% presenting notch-like phenotypes in which anterior and/or posterior margin elements were actually deleted (Fig. SF) . The 18-24 h period showed the largest number of overlapping phenomena: modified wing shape, holes, and missing veins. All flies of this class had elongated wing blades (Fig. 5C) , and in the majority of these flies (88%), portions of longitudinal, and occasionally transversal, veins were missing (Fig. SC,D , arrowheads). About 20% of the flies were missing material in the interior and proximal part of the wing resulting in holes of various sizes (Fig. 5D, arrow) ; however, 15% of the flies lacked substantial parts of the wing, or wings altogether, suggesting that more extreme forms of the same phenotype may lead to mechanical instability and disruption of the wing blade. Finally, in the 24-30 h class, 95% of the progeny presented extra crossveins.
As the elongated wing shape phenotype might have resulted from either cell death, or accumulated changes in cell shape or size, we analysed this phenotype further to determine its cellular basis. We measured the size of wings from transgenic and control flies. and found that although the average length of the wings from both classes was essentially identical, transgenic wing width was reduced by more than 10%. As each cell of the wing produced a single wing hair, we compared the density of the cells by counting the hairs in a defined surface area at several locations in the wings: control and transgenic wings presented identical cell densities, although the hairs of transgenic flies were irregularly spaced and randomly oriented when compared to the ordered arrange- ment of aligned wild type hairs (data not shown). We thus conclude that the observed decrease in the wing surface was caused by a reduction in cell number rather than by cell shape changes. In fact, cell death has already been reported as a consequence of the expression of a dominant negative form of the Dracl protein in wing imaginal discs (Eaton et al., 1995) .
Flies that had undergone heat shock on the second day of pupation presented both bristle and abdominal phenotypes. Among the bristles, both macrochaetae and microchaetae were affected, without any apparent positionalspecificity, as bristles were randomly affected over the entire thorax. While the overall pattern seemed unchanged (Fig. 6A,B) . some individual macrochaetae were missing, 
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of Development 61 (1997) [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] and others often twisted and forked (Fig. 6C,D) ; microchaetae were shorter than in the control, more curved, and occasionally branched (Fig. 6E,F) . The hairs (trichomes) were also modified, being shorter and curved, and generally finer than in the control. Their spatial pattern and orientation were also significantly altered: instead of the uniform distribution observed in the wildtype, hairs of transgenic flies clustered in groups of two or three hairs (Fig. 6G,H) pointing in several directions. A number of flies from the same developmental period presented abnormal abdomens with interrupted segments, the missing portions of the cuticle being located principally at the dorsal midline (Fig. 61,J) .
The developmental processes operating in the formation and localisation of the bristles and in abdominal closure appear to be more extended over time than those implicated by the individual wing phenotypes (Fig. 5) . Of note is the tight correlation between pupal lethality and the abdominal phenotype, starting at the same time (36-42 h) and following the same evolution; in fact, examination of the dead pupae showed that they were well-developed except for open abdomens (data not shown).
Discussion
RnRacGAP modifies cell shape through deregulation of actin network organisation
As no rn mutant exists which exclusively affects RnRacGAP expression, we utilised the developmentallyspecific overexpression of RnRacGAP under the control of a heat shock promoter to analyse its in vivo function in transgenic flies. Although the cellularising embryo is extremely sensitive to heat shock, the utilisation of multiple RnRacGAP inserts allowed us to increase the differential lethality between control and transgenic strains sufficiently to probe intermediate and later stages of cellularisation. Despite the fact that certain initial processes such as the invagination of the cellular membranes would have effectively started before the heat shock treatment could be applied, the ectopic presence of RnRacGAP nevertheless grossly altered actin localisation and cell shape. The apical ends of the cells in the heat-shocked transgenic embryos were completely disorganised and presented radical cell shape changes. The cells were flat and extended with long cytoplasmic extensions that tended to group together. The apical membranes were smooth with no detectable microvilli. Equally striking was the accompanying uniform distribution of F-actin apically, even to the extent that cell boundaries were no longer distinguishable. Thus, it appears that ectopic RnRacGAP perturbed mechanisms required to restrict the actin meshwork to the apical cortex, thereby undermining the normal structuring of the apical membrane and its microvillous projections.
In medial and basal regions, the amount of F-actin was significantly reduced, suggesting that RnRacGAP specifically deregulates actin polymerisation itself in these regions. Nevertheless, the basic foundation of the cortical network was still detectable as the residual traces of actin were visible at the correct cell perimeter locations.
This dual function, control of both actin localisation and polymerisation, has been proposed for human Rat protein in the formation of membrane ruffles in fibroblast cells (Ridley et al., 1992) . If, indeed, a similar function operates in the developing blastoderm, elements of its action appear to be separable along the apical-basal axis.
Developmental analysis of RnRacGAP-induced imaginal phenotypes
We found that an excess of RnRacGAP during pupal development produced a number of phenotypes with specific periods of induction. By increasing the dose of HSRnRacGAP inserts, we could increase the frequency with which the numerous imaginal phenotypes were induced, finally affecting vein morphogenesis, margin elaboration and shape determination in the wing; bristle and hair formation in the thorax; and midline closure in the abdomen correlated with a wave of pupal lethality measuring about 50%.
In these experiments, the wing proved to be particularly sensitive to an excess of RnRacGAP. Our genetic results pinpoint the period between 18 and 30 h as critical for the production of wing vein phenotypes.
Results from a detailed study of the morphology of the developing wing have shown that the F-actin network seems critically involved in this process between 20 and 30 h after puparium formation. During this stage, F-actin is found exclusively either apically in the cells covering the presumptive vein cells, or basally, in the cells giving rise to the flat intervein wing surfaces. Thus, the restricted critical period for the vein-loss phenotype (18-24 h) may reflect a disorganization of the actin network induced by RnRac-GAP, resulting in abnormal vein cell differentiation, and in a consequent loss of vein portions in the adult. In the next time period, 24-30 h, ectopic crossveins were evident in 95% of the transgenic flies. Only transversal veins are generated, suggesting that a function specific to crossvein formation operates at this time, a hypothesis supported genetically by the existence of the mutant crossveinless (Lindsley and Zimm, 1992) . Although the precise morphogenetic mechanism is not known, the critical period for extra crossvein induction suggests a role for the actin network in the generation of this phenotype.
Sensitivity to RnRacGAP expression for the developmental processes involved in abdominal closure and bristle formation arrived later in development and was more extended over time. A close correlation was seen for the evolution of the abdominal phenotype and lethality (30-42 h) and since we observed the extreme abdominal phenotype in pupae that had not eclosed, the defects in abdominal closure may be the main cause of this second peak of lethality. The results in the thorax provide additional evidence that ectopic RnRacGAP deregulates the cytoskeleton in the formation of hairs and bristles. This relatively late developmental period for the induction of bristle defects, 30-45 h, coincides with that which has been defined as critical for bristle extrusion driven by F-actin in oriented microfilament bundles . The observed bristle phenotype is similar to those produced by mutations in the Drosophila singed (Cant et al., 1994) and chickadee (Verheyen and Cooley, 1994) , genes which themselves have been correlated with defects in the organisation and composition of actin filament bundles (Overton, 1967) . The singed gene product is homologous to fascin, an actin crosslinking protein (Holthuis et al., 1994) and the chickadee gene, to profilin which has been shown to bind actin monomers and regulate actin polymerisation (Pollard and Cooper, 1986; Stossel et al., 1985) .
Molecular mechanisms potentially mediating RnRacGAP action
For the moment, the classification of RnRacGAP is based solely on the homology of its GAP domain with other RacGAPs. However, this criterion may be insufficient to define biological activity: for example, although the protein IQGAPl was so-named because of its strong homology with RasGAP proteins, IQGAPl has no detectable RasGAP activity, and appears to be a direct effector for CDC42 (Hart et al., 1996) . Thus, we cannot rule out a putative effect of RnRacGAP on other GTPases like Ras, or even unknown partners that might alternatively operate through the potentially regulatory PKC-like N-terminus. If, however, the observed RnRacGAP-induced phenotypes were caused by increased inhibition of one or more endogenous Rho/Rat molecules, phenotypes caused by the expression of dominant negative mutations in these proteins might be expected to be similar. Four members of Rho/Rat family, including Dracl, Drac2, Drho, and Dcdc42, have been recently been cloned in Drosophila (Luo et al., 1994; Eaton et al., 1995; Harden et al., 1995; Hariharan et al., 1995) and the functions of these genes, normally expressed throughout development, have been studied by exogenous promoter-controlled expression of normal and mutated forms at defined times. In fact, comparison of phenotypes of dominant negative mutants of Dracl and Dcdc42 with those generated by RnRaGAP reveal similar disruptive effects on actin organisation and cell adhesion. For example, the deregulation of Dracl during Drosophila embryogenesis has been shown to disrupt morphogenetic processes such as germband retraction and head involution, as well as dorsal closure, through cell shape changes and cytoskeletal disorganisation (Harden et al., 1995) . In addition, both Dracl and Dcdc42 have been implicated in different processes of embryonic neuromuscular development, requiring coordinated changes in F-actin distribution and cell-cell, and cell-matrix, adhesion. During imaginal disc development, a phenotype indistinguishable from that of the RnRac-GAP-induced elongated wing was induced by the targeted expression of a dominant negative mutant form of Racl along the anterior/posterior boundary of the wing (Eaton et al., 1995) . The authors attributed the modified wing shape to cell death as the number of wing cells was diminished. Likewise, we also determined that the number of cells was significantly decreased in the elongated wings of heatshocked transgenic RnRacGAP flies. Recently, the mammalian Racl protein has been shown to be involved in apoptotic cell death through the activation of the JNK pathway (Verheij et al., 1996) ; thus, it is possible that the decrease in wing cell number may be caused by programmed cell death, through the RnRacGAP-induced deregulation of an endogenous Rat substrate. As we found that proximal wing holes shared the same critical period for their formation (18-24 h) as did the modified wing shape, RnRacGAP-induced cell death may also be implicated in this phenotype.
At the level of the cytoskeleton, the expression of dominant negative forms of the related molecules Dracl and Dcdc42, in cells located at the same position along the A/P wing border, showed a remarkable specificity of action (Eaton et al., 1995) . While downregulation of Dracl interfered with the assembly of actin at adherens junctions and generated the previously-cited, wing cell-lethal effects, Dcdc42 specifically affected the localisation and polymerisation of F-actin at the cell poles. In fact, CDC42 has been specifically implicated in the determination of cell polarity in mammalian cells (Norman et al., 1994; Kozma et al., 1995; Stowers et al., 1995) , and in polarised secretion processes and plasma membrane addition in yeast bud site assembly (Chant, 1994) . We observed a polaritydependence in the RnRacGAP disorganisation of the actin network during embryonic cellularisation, and RnRacGAP overexpression during imaginal disc development disrupted wing vein morphogenesis, a process involving polarity-dependent F-actin localisation. In addition, RnRacGAP-induced elongated wings showed a general disorganisation of the wing hairs, and later RnRacGAP overexpression caused not only forked bristles on the thorax, but changes in their orientation as well. Changes in the alignment of bristles and hairs have been related to the tissue polarity of the epidermal cells which produced them. In fact, similar wing hair and thoracic bristle phenotypes have been observed for mutations in the fri.&ed gene which has been shown to have a dual function in tissue polarity and a direct effect on the localisation of F-actin during prehair initiation site formation (Krasnow and Adler, 1994) .
Effects of RnRacGAP on Drho, the least homologous of the cloned family members, seem somewhat less likely: overexpression of Drho specifically in the eye during pupariation induces strong perturbations in ommatidial of Developmenr 61 (1997) 49-62 organisation (Hariharan et al., 1995) , while we have not observed any obvious eye phenotype in flies submitted to RnRacGAP overexpression over the same, or any other, developmental period.
Finally, a number of the effects we observed in the embryo and pupae are consistent with data that reveal a close association between the cytoskeleton and cell adhesion. In fibroblast cells, expression of N-chimerin has been shown to inhibit their adhesive properties (Herrera and Shivers, 1994) . Also, the Rho/Rat subfamily is known to be involved in the formation of integrin-containing focal complexes at the plasma membrane, bifunctional structures that play a role both in actin localisation and cell adhesion (Nobes and Hall, 1995) . Recently, a GAP specific for CDC42 and Rho, termed Graf, has been shown to associate with actin-based cytoskeletal structures and to bind directly focal adhesion kinase (Hildebrand et al., 1996) . In the fly, expression of constitutively-activated and dominant negative forms of Racl in the muscular system led to inhibition of myoblast fusion. and excessive fusion, respectively (Luo et al., 1994) . In the gastrulating fly embryo, dorsal closure was also inhibited by overexpression of a dominant negative mutant form of Racl (Harden et al., 1995) . RnRacGAP-induced phenotypes are also consistent with possible problems in adhesion. For example, significant changes from normal apical cell-cell contacts (Tepass and Hartenstein, 1994) are evident at the surface of the transgenic embryos. Also, the critical period for the abdominal phenotype, failure of abdomen closure, is not consistent with the timing of the migration of the precursor histoblast nest cells ; more likely, a later process, such as the suturing together of apposing epithelia, is disrupted leading to subsequent mechanical failure in resisting fluid pressure from the pupal abdomen. Problems in adhesion may also contribute to the formation of the holes in the wing.
In summary, changes in cell shape and adhesion and reorganisation of the actin network are fundamental processes that have been shown to be regulated principally by members of the Rho/Rat family. The embryonic and imaginal phenotypes that we have defined here show that these same cellular processes are sensitive to overexpression of RnRacGAP throughout development in Drosophila.
Materials and methods
Vector construction and RNA preparation
To obtain a full-length coding sequence for the protein RnRacGAP, the first 441 nucleotides from the 5' end of the clone originally named pc 1.7 (Agnel et al., 1989 ) and now renamed rnRacGAP(I), were excised by EcoRI-BamHI digestion and ligated to the final 900 nucleotides from a second cDNA clone originally named pcl.7d (Agnel et al., 1992b ) and now renamed rnRacGAP(Z), harboured in a pGEM 1 vector after digestion with the same enzymes. The resulting hybrid gene was then excised by EcoRI digestion and inserted into the CaSpeR-hs P-element vector at the EcoRI site of the polylinker. E. coli were transformed and clones containing the complete insert in the appropriate orientation were verified by restriction enzyme digestion.
Total RNA was extracted from adults by the RNAzol B method (Bioprobe Systems). Northern blot analysis and production of radioactive probe were as in Sambrook et al. (1989) .
Establishment of transgenic lines and pol$nsertional strain construction
Get-n-line transformation of white (w' ' "' embryos with the CaSpeR-hs (Pirrota, 1988) plasmid containing the rn sequence was performed following standard procedures (Spradling and Rubin, 1982) . Transformants were identified by their white+ eye colour and chromosome localisation of individual insertions were determined using a w""; CyO; TM3 strain. Multicopy strains were generated by classical genetic crosses. Strains bearing two insertions on the same chromosome were built by recombination. In a second step, strains bearing four insertions on the same chromosome were built using recombination between two different chromosomes carrying two insertions. The strains carrying four insertions on the X and second chromosome were subsequently named HsRac-GAPX4 and HsRacGAPS4. A strain carrying eight different insertions was built from HsRacGAPX4 and HsRacGAPS4 and termed HsRacGAPX4S4, or simply X4S4. The number of copies in these transgenic strains was verified by Southern analyses of appropriate restriction enzyme digestions of corresponding genomic DNA.
Antibody production
To obtain a GST-RnRacGAP fusion protein, an NcoI/ EcoRI fragment coding for amino acids 132-383 from the RnRacGAP protein (Agnel et al., 1992b) was inserted into the pGEX-3X expression vector (Pharmacia) previously digested with EcoRI (generously donated by S. Ahmed). Fusion protein preparations were as in Diekmann et al. (199 1) . Analysis by SDS-PAGE showed that the fusion protein was present exclusively in the insoluble fraction. For the initial immunisation, 200 pg of the insoluble fraction were run on a 12% acrylamide gel; the fusion protein was detected by a negative 0.3 M CuS04 staining, and the correct band excised. Repeated passages through an 18 G syringe needle created an emulsion with an equal volume of complete Freund's adjuvant which was then subsequently used to immunise female New Zealand white rabbits by several intradermic injections. Several boosts consisting of 100 pg of electro-eluted fusion protein (Biorad) mixed with an equal volume of incomplete Freund's adjuvant were administered over 3-week inter-vals. Reactivity was monitored after each boost and the final serum was collected after the eighth boost.
Western blotting
Fly proteins were extracted in Laemmli buffer, the proteins separated (the equivalent of one fly in each lane) on 12% SDS/polyacrylamide gel followed by wet blotting (Sambrook et al., 1989 ) on a polyvinylidene difluoride (PVDF) membrane (Biorad). Membranes were incubated in 1500 diluted primary serum, and immunoreactive bands were revealed using anti-rabbit IgG coupled to horseradish peroxidase (Amersham) and chemiluminescent reactants (SPECI, Sainte Foy l&s Lyon). Non-specific interactions were blocked using 1% polyvinyl pyrrolidone (PVP) and 0.1% Tween in phosphate saline buffer (PBS; pH 7.5) for preincubation and incubations, and washes were in 0.1% Tween in PBS.
Timing of collection and heat shock conditions
Heat shocks were carried out in a pre-equilibrated incubator containing a saturated humid atmosphere. While various temperatures and times of heat shock were employed in preliminary experiments to target optimum conditions, final heat shock temperatures of 37°C were applied to both embryos and pupae. Embryos were collected by scraping off a layer from the egg-laying medium. This embryo/ medium mix was collected every 30 min at 25"C, incubated in a humid atmosphere at the same temperature to the average age of 2 h 40 min (+30 min), and submitted to a 30 min heat shock. In preliminary experiments, pupae were processed under conditions of mass cultivation and subjected to a range of heat shocks from 6 to 8 h. In experiments targeting the critical periods of phenotype induction, pupae were collected individually at the white pupal stage which lasts only 1 h at 25°C and the incubation times and heat shock conditions for these samples are described in the text. Pupae were systematically placed in open vials to favour rapid temperature equilibration.
EM scanning of embryos
Heat-shocked embryos were washed in PBS, dechorionated in 50% bleach, rinsed, fixed for 15 min in a 12.5% glutaraldehyde/PBS/heptane mix, and peeled by shaking in methanol. Fixed embryos were stored in ethanol, and dried using Peldri II (Plan0 W Planet) at 37°C. They were then gold-coated in a Denton Desk II sputter coater, and photographed with a JEOL 840 SEM.
Phalloidin-ftuorescein staining of embryos
Dechorionated embryos were fixed in an 8% paraformaldehyde (PFA)/PBS/heptane mix for 30 min with slow agitation, and devitellinised with a tungsten needle in PFA 4%lPBS on double-sided tape. After an overnight wash in PBS at 4"C, embryos were stained in 0.5 pglml FITCPhalloidin, 1% DMSO in PBS during 30 min at room temperature in darkness and washed in PBS. Embryos were then mounted in 90% glycerol/lo% PBS containing 2% N-propyl gallate as anti-fading agent and examined on a confocal microscope Biorad MRC 600.
